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ABSTRACT

Experiments were conducted with Inconel 718 at high temperaturesto evaluate the rate of oxidation
of the material over as wide a temperature range as possible, as well as to determine the high
temperature failure limit of the material. Samples of Inconel 718 were inserted into preheated
furnaces at temperatures ranging from 973 K to 1620 K and oxidized in air for varying periods of
time. After being oxidized in air at a constant temperature for the prescribed time and then being
allowed to cool, the samples were reweighed to determine their mass gain due to the uptake of
oxygen. From these mass gain measurements, it was possible to identify three regimes of oxidation
for Inconel 718: alow temperature regime in which the samples behaved as if passivated after an
initia period of transient oxidation, an intermediate temperature regimein which therate of oxidation
was limited by diffusion and exhibited a constant parabolic rate dependence, and a high temperature
regimein which material deformation and damage accompanied an accel erated oxidation rate above
the parabolic regime.
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1. INTRODUCTION

The vaporization of tungsten from atungsten spallation target in ahigh-power linear accelerator has
been shown to be the dominant contributor to the airborne release of radionuclides for unmitigated
target overheating accidents'. Reactions with steam which persist for tungsten temperatures as low
as 800°C result in the formation of a hydrated tungsten-oxide which has a high vapor pressure and
isreadily convected in aflowing atmosphere. Thislow temperature vaporization reaction essentially
removes the oxide scale that forms on the tungsten surface as soon asit forms, leaving behind afresh
surface for continued oxidation and vaporization. Since a protective oxide scale is not formed, a
continual processof oxidationand vaporization occursuntil either thetungsten temperature decreases
bel ow the vaporization threshold and a protective oxide scaleforms, the gas phaseis starved of steam
in which case only oxidation will occur, or the tungsten metal is consumed. In an air environment,

only tungsten oxidation occurs.

Inconel 718 aloy has been proposed as a clad for water-cool ed tungsten targets for several reasons,
not the least of which isto prevent the contact of tungsten target rods with steam during postul ated
accident conditions, thusdepriving thetungsten of steam and preventing the chemical reactionswhich
result in tungsten-oxide vaporization 2. Inconel 718 was chosen from among other superalloys
because of its superior performance in irradiated water-cooled environments and its resistance to
oxidation at elevated temperaturesin air and steam. Detailed physical and mechanical properties of

Inconel 718 have been provided by The International Nickel Company?®.

For accelerator-target overheating accidents in which tungsten vaporization is a concern, the



sequence of events which occur isaloss of flow followed by aloss of coolant with the shutdown of
the proton beam. Dry-out of the target assembly would result in the loss of all axial heat transfer to
the engineered heat sink. For thetarget under consideration whichisin the form of nested cylinders,
the only heat transfer mechanism which would remain to remove the decay heat from the irradiated
tungsten cylinders would be thermal radiation from the inner most of the nested cylinders radialy
outward to the outer housing of the target, and then by radiative heat transfer to the surroundings.
The tungsten cylinders are nested within each other in a configuration in which thermal radiation is
inefficient. These target assemblies have been calculated to achieve very high temperatures after
irradiation without forced cooling, even with the proton beam shut off. Temperatures approaching
or even exceeding 1200°C shortly following beam shutdown and loss of coolant have been
calculated. Such a transient would be short however, and these elevated temperatures would

decrease rapidly within tens of minutes following the start of the transient.

The material which is chosen as a clad for a spallation target must have other attributes in addition
to its tolerance for the severe accident conditions just outlined. These include weldability and
machineability, resistance to erosion by flowing water and structural strength to resist mechanical
faillure. Inconel 718 satisfies these criteriawell. The severe accident attributes which the clad must
possess include oxidation resistance at high temperatures during an overheating transient such that
the penetration of the oxide into the clad does not compromiseitsfunction, asufficiently high failure
temperature limit which will not be exceeded by maximum temperatures in the target during the
transient, and long term oxidation resistance at lower temperatures which may persist for many hours

or even daysin thetarget following the peak of thetransient into thetail of the cool down phase. The



experiments to be discussed in this report were designed to investigate the viability of Inconel 718

under these conditions.

It is known that chromium may be volatilized from chromium-bearing alloys when oxidized at
temperatures exceeding 1273 K*°. The reaction assumed to be responsible for this volatilization is
the continued oxidation of Cr,O; (s) to CrO, (g) at high temperatures. The CrO, (g) is subsequently
reduced back to Cr,O, (s) and deposited on cooler surfaces. As the temperature increases above
1273 K, the mass loss due to chromium volatilization may begin to have an impact on gravimetric
data. Dataintheliterature, however, suggest that significant departuresfrom parabolic behavior only
occur for oxidation times longer than about 10° seconds. Since this work was intended to evaluate
the use of Inconel 718 as a high-temperature clad for short transients on the order of 10° seconds or

less, mass loss due to the formation of CrO, (g) was not considered.

2. EXPERIMENTAL APPARATUS AND PROCEDURES

The experimental apparatus and procedures for this investigation were similar to those for other
investigations reported in the literature®*® and will be described in the following discussion. Test
sampleswere prepared from a stock of mill-certified Inconel 718 rod materia of 3 mm diameter (see
Table 1 for thealloy composition). Therod was cut into piecesnominally 1.5 incheslong. Theends
were deburred and the pieces were cleaned in a detergent solution. The samples were then rinsed
well with ditilled water and then rinsed with ethanol. After drying, the samples were stored in
polyethylene zip-lock bags. As samples were taken for use, their lengths and diameters were

measured. Thesamples' lengthswere measured to aprecision of 0.001inchwith arecently calibrated



dia-indicating caliper. The diameters of the samples were measured in three places along the length
to a precison of 0.0001 inch with a recently calibrated micrometer. The three diameter
measurements were averaged to provide the sample diameter used in the surface area calculation.
Sample mass determinations were made using a Sartorious anaytical balance capable of weighing to
aprecison of 0.1 mg. The balance calibration was frequently checked using both itsinternal 100 g
standard mass and an external 50 g standard mass. Prior to weighing, all sampleswere held overnight
in glass desiccators to eliminate any effect of humidity on the sample mass determination. The
dimensional and mass specifications for each sample were recorded on the preprinted run sheet for

the sample, and this run sheet served as atraveler for the sample throughout its testing.

Sampl e oxidations were conducted in fused quartz or high-purity alumina crucibles as temperature
requirementsdictated. Prior to use, these crucibles were heated to their service temperatureto drive
out any volatile materials that would show up as mass loss upon weighing. Two crucibles were
repeatedly heated, cooled in adesiccator and then weighed until no mass change was observed. The
cumulative duration to the state of no mass change was then used asthe required heating timefor al
other cruciblesused in thisstudy. Two laboratory muffle furnaces were used to oxidize the samples.
A furnace with electric resistance elements ssmilar to Nichromewas used up to 1273 K and afurnace
with silicon carbide elements was used for tests above 1273 K. Temperature measurements of the
furnace chambers were made with a Leeds and Northrop Pt/Pt-10%Rh thermocouple mounted in a
high-purity alumina protection tube. The Pt/Pt-10%Rh thermocouple was inserted into the furnace
chamber through an access hole in the rear or top of the furnace and positioned so that the active

element was in the proximity of the samples. The thermocouple voltage was read through an ice



point by aHewlett Packard 3456A digital voltmeter. Temperature was cal culated using afifth-order
polynomial fit applied to the voltage vs. temperature calibration data that accompanied the Pt/Pt-
10%Rh thermocouple. The same precisionthermocouplewasusedin both furnaces. All experiments
were performed in atmospheric air at atmospheric pressure; datain the literature™ indicate that the

rate of oxidation of superalloysis not sensitive to the oxygen partial pressure.

Several approacheswere used to accumul ate data based on the particular phenomenon being studied.
For the 24-hour parabolic rate tests and the long term, low temperature oxidation tests, an array of
six to eight samples was accurately weighed and then placed into tare-weighed crucibles. The array
wasthen placed in arefractory holder and the entire array and holder inserted into the muffle furnace
that had already been preheated to the required temperature. At appropriate time intervals, single
samples were withdrawn from the furnace. Prior to withdrawal of a crucible from the furnace, a
cover was placed on the crucible to prevent any massloss due to flaking of the oxide as the samples
cooled. After cooling to dightly above room temperature, the crucible containing the sample was
placed in adesiccator overnight prior to weighing. The crucible and sample were then weighed as
a unit, the sample was then removed and the crucible cleaned of debris, and then the crucible was
weighed empty. Combining this data with the pre run data alowed us to isolate the mass change in
the sample material due to reactions with oxygen in the air from any unexpected mass change in the
crucible. Attheconclusion of post test measurements, all datawereinput to aspreadsheet for quality
assurance and analysis. For the high temperature single-sample data, sampleswereinstalled into and
removed from the furnace individually. Similar steps were taken to accurately measure the mass

changes of the samplesand crucibles. Dueto the high temperaturesinvolved, aluminacrucibles and



coverswere used exclusively for thesetests. A discussion of thetest seriesand their results follows.

3. DISCUSSION OF RESULTS

Three series of experiments were performed to investigate the oxidation resistance of Inconel 718in
air at high temperatures. Thefirst of these series was intended to study the parabolic oxidation rate
behavior of Inconel 718 in the range of temperature from 1173 K to 1573 K and to evauate the
temperature bounds of the diffusion-controlled parabolic oxidation rate range. The second series of
experiments was performed to investigate the oxidation rate at very high temperatures, from the
upper limit of the parabolic rate range to beyond failure, to establish a conservative failure limit for
accident analyses. The third series of experiments was performed at lower temperatures, from 973
K to 1223 K, to examine the lower limit of the parabolic oxidation rate range. These three series of

experiments will be discussed in order below.

3.1  Parabolic Oxidation Rate (24-hour tests) Series, 1173 K-1573 K

Six series of experiments were conducted to measure the oxidation resistance of Inconel 718 in the
temperature range of most interest for postulated accident conditions. The temperature range of
interest and the temperature range of these experimentswas 1173 K to 1573 K (900°C to 1300°C)
in increments of 100 K. There was considerable evidence in the published literature that the rate of
oxidation of superalloys exhibits a parabolic rate dependence®” 1 over this range of temperature.
Parabolic rate dependence refers to a phenomenon in which transport (mass, momentum or energy)
is diffusion-controlled and the solution to the parabolic differentia equation results in a time-

dependence in which the rate of change of the dependent variableis proportional to the square root



of time. Asaresult, comparison of the square of the oxidation massincrease vs. time should belinear
if the oxidation rate behavior is indeed parabolic. In order to test this hypothesis, six series of
experiments were performed, each with from six to seven samples, in a temperature-controlled
laboratory furnace for varioustime intervals. The procedure that was followed wasto install all the
test specimensinto the preheated furnace at the same time, then to remove them individually after the
prescribed elapsed time intervals which ranged in duration from one to 36 hours. For the test series
at 1173K, 1273 K, 1373 K and 1473 K, sampleswere removed from the furnace at intervals of one,
three, five, eight, 16 and 24 hours (the 1473 K test series had a seventh sample which was removed
from thefurnace after 36 hours). Handling of the samplesfor thetest seriesat 1573 K was extremely
difficult due to the temperature of the furnace; therefore, for this test series, samples were instead

removed at intervals of three, five, 12 and 24 hours.

Upon removal from the furnace, each sample was labeled and placed, along with its crucible, into a
desiccator for humidity-free storage prior to post test weighing. The oxidized samples were first
weighed in their crucibles, then the samples were removed and placed in zip-lock bags for storage.
The empty crucibles were then reweighed. When the data just collected was input to a spreadsheset,
these dataallowed for the mass gain of the samplesto be precisaly calculated to an accuracy of + 0.1
mg. This procedure was identical for all the tests conducted. The data for mass gain per unit area
vs. oxidation timefor the six series of parabolic oxidation rate testsarelisted in Table 2. Two series
of tests were conducted at 1173 K with the designations “maximum” and “minimum.” These
designationssimply indicate that one set of dataresulted in an upper limit oxidation rate and the other

set of data resulted in alower limit oxidation at 1173 K. Two sets of data were taken at 1173 K



becauseit isgenerally found that oxidation rate behavior can be more variable at lower temperatures.
Additional data which was taken at the other temperatures but not reported here demonstrated less

variability at higher temperatures.

The datafor these parabolic oxidation rate test series are presented in Fig.1 asthe square of the mass
gain per unit area vs. time of oxidation to evauate the parabolic dependence of the measured
oxidation data. The data exhibit some scatter at early times as expected. Over the duration of each
of the five series of data presented in Fig.1, parabolic dependence of the oxidation rates is manifest
as demonstrated by the apparently linear dependence of the square of the mass gain per unit areavs.
time. The datafor the 1173 K series shown in Fig.1 are the set designated as “maximum” in Table
2. Thenumerical valuesfor the parabolic oxidation rate coefficientswhich were determined by linear
least squares analyses of thesedataarealsoshownonFig.1asK, (mg?/ecm®-s). These coefficientsand

the analysisof the datawhich determined these coefficientswill be discussed in thefollowing section.

3.2  Correlations of Parabolic Oxidation Rate Data

The data for five of the six sets of parabolic oxidation rate tests are shown graphically in Fig.1 and
the results of all six seriesarelisted in Table 2. The datain Fig.1 clearly demonstrate the expected
parabolic rate behavior; the square of the mass gain per unit areais shown to increase linearly with
increasing time, in one case (1473 K) for up to 36 hours of oxidation in air. Each set of parabolic

oxidation data was curve fit by alinear least squares algorithm to a function of the form,

(M")? =K, (1)



where m” isthe oxidation mass gain of the sample per unit surface area (mg/cm?), t isthe oxidation

time in seconds and K, is the parabolic oxidation rate coefficient to be determined.

The parabolic oxidation rate coefficients for five of the six series of experiments so calculated are
shown on Fig.1 aong with linear lines which represent the least squares curve fits to the data; the
coefficients for al six sets of experiments are listed in Table 3. Over the temperature range from
1173 K to 1573 K (900°C to 1300°C), the parabolic oxidation rate coefficients and thus, the
oxidation rates of Inconel 718 in air, vary by three orders of magnitude from alow of 2.67 x 10°
mgcm*-s at 1173 K to ahigh of 2.42 x 10° mg?/cm*s at 1573 K. It isworth noting again that the
mass gain cal culated by application of the parabolic oxidation rate coefficient in Table 3with Eqg. (1)
resultsin the mass of oxygen gained by thetest sample dueto oxidation. What was measured in these
testsis mass gain by oxygen uptake. This can be converted to the mass of Inconel 718 oxidized by
a smple conversion which will be discussed shortly. The data in Table 3 are single-temperature
parabolic oxidation rate coefficients and, for practical applications, should be generalized over the
entire range of temperature from 1173 K to 1573 K. An Arrhenius relationship of the functional

form,

K, = A-exp[-B/RT] (2)

was sought where K, is the parabolic oxidation rate coefficient, A and B are integration constants,

Ristheuniversal gas constant and T isthe temperature. In athermodynamic sense, B would be the

activation energy but, in the present formulation, that will not be the case. These data did not lend



themselvesto the calculation of the activation energy by regression analysis. In order to evaluate the
appropriate ranges of temperature over which to fit K as a function of temperature, the valuesin
Table 3 were plotted vs. temperature as shown in Fig.2. On this basis, three ranges of temperature
were selected for three curvefitsfor K 1 1173 K to 1273 K, 1273 K to 1473 K, and 1473 K to 1573
K. A linear regression analysis of the form of Eq. (2) resulted in the following relationships for K,

as afunction of temperature:

K, = (5.59 x 10°) exp[-29559/T], T e (1173 K, 1273 K) (39)
K, = (2.19) exp[-13754/T], T € (1273 K, 1473 K) (3b)
K, = (3.93x 10) exp[-58690/T], T € (1473 K, 1573 K) (3¢)

The values of K, so calculated are in units of (mg?/cm®-s). When K from Eq. (3) isinput into Eq.
(1), the square of the oxygen mass gain per unit surface area over the time interval of oxidation (in
seconds) iscomputed as (mg%cm®). Of course, the squareroot of Eq. (1) yieldsthe oxygen massgain

per unit surface area of the sample.

Asafirst approximation, Inconel 718 can be considered as a pseudo element with a composition of
roughly 58% Ni, 21% Cr and 21% Fe, resulting in a mixture with an approximate atomic mass of
56.7 AMU. Oxygen has an atomic mass of 16.00 AMU. Assuming that during oxidation all oxides
formed are mono-atomic (ie., CrO, NiO and FeO) which would betheworst-case oxidation rate, then
the ratio of the mass of Inconel 718 oxidized to the mass of oxygen gained due to oxidation would

be 3.54. In other words, if the sample gained one gram of mass during oxidation due to oxygen
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uptake, then 3.54 grams of Inconel would have been oxidized. Multiplying Eq. (1) by (3.54)? will
give the mass of Inconel 718 oxidized; using the Inconel 718 density of 8.22 gm/cm?®, the average
depth of penetration of the oxidation into the surface of the metal can then be calculated. Penetration
depth estimates made by this procedure will result in maximum penetration estimates due to the

conservative assumptions in the oxidation chemistry stochiometry.

3.3  Ultra-High Temperature (single-sample tests) Data, 1474 K-1614 K

The parabolic oxidation rate coefficientsin Eq. (3) can be input to Eq. (1) to calculate the extent of
the mass gain of Inconel 718 during oxidation by the uptake of oxygen, assuming mono-atomic
stochiometry of the oxide products. This mass gain can be readily converted to the mass of Inconel
718 oxidized smply by multiplying the oxygen mass gain per unit surface area by the conversion
factor of 3.54, to convert from oxygen mass gain to the mass of Inconel metal oxidized. The
parabolic oxidation rate coefficientsin Eq. (3) are applicable over the temperature range from 1173
K to 1573 K. Simple extrapolation to temperatures outside this temperature range is not
recommended. A method for extrapolation to lower temperatures will be discussed in a subsequent
section. To evaluate oxidation resistance of Inconel 718 at higher temperatures, another series of

tests was performed which will now be discussed.

A series of high temperature oxidation tests was performed over the temperature range of 1474 K
to 1614 K (1201°Cto 1341°C). The purpose of these tests was to evaluate the upper temperature
limit of Eq. (3c) and to prescribe a conservative upper temperature threshold, above which the

Inconel 718 would fail to provide any structural function. A total of 14 single-sample tests was
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performed; ten of these tests were performed in the temperature range 1473 K to 1573 K in nominal
increments of 10 K, and four tests were performed at temperatures above 1573 K. The duration of
each of the testsin this series was nominally 24 hours. This methodology was adopted in order to
"walk through” the upper limit of the parabolic oxidation rate range for Inconel 718 to observe any
deviations from the oxidation rate coefficient correlation previously derived [Egs. (3a-C)], and to
pinpoint thethermal failuretemperaturefor thematerial. Thenumerical datafor all 14 testsarelisted
in Table 4; thirteen of these points are plotted on Fig.3 which isidentical to Fig.2 with the addition
of the 13 data points superimposed for contrast [note: the 14th datapoint (at 1614 K) was excluded
from Fig.3 because the test sample was essentially consumed during the experiment and destroyed.

It would be incorrect to infer an oxidation rate from this datum].

Single-sample oxidation data would be expected to show some variability from the integrated K,
correlation for the 1473 K to 1573 K temperature range, just as the individual data pointson Fig.1
demonstrate variation from the linear least squares lines plotted there. What isimpressive about the
single-sample data on Fig.3 in the 1473 K to 1573 K temperature range is the remarkably close
agreement between the individual single-sample data points and the curve fit [Eq. (38)] from 1473
K to 1573 K which is based on the parabolic oxidation rate serieslisted in Table 2. In fact, most of
the data points actually “hit” the 1473 K to 1573 K line on Fig.3, the differences being credited to
small temperature fluctuationsin the laboratory furnacesused for thesetests. Thesingle-samplehigh
temperature dataclearly support the correlation for the parabolic oxidation rate coefficient, K ,, inthis

temperature range.
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Oncethetemperature wasincreased above 1573 K, thevauesof K , inferred from the data (see Table
4) began to increase asymptotically, suggesting the onset of catastrophic oxidation in this range of
temperature for Inconel 718. The cylindrical test specimens were visually inspected after oxidation
for evidence of morphological changes which could be used as the basis for the determination of a
high temperature service limit for the Inconel 718. In all cases, the surfaces of the Inconel 718
samples blackened during oxidation and, with the exception of some very light, dispersible oxide
powder on the surfaces, the oxide layers appeared rugged and dense. These oxide scalesdid not flake
off the samples but adhered to the surfaces and protected the underlying metal from direct contact
with the oxidizing atmosphere. Thisisthe fundamental reason why the oxidation was parabolic, i.e.
growth was limited by diffusion through the growing oxide scale**® ***>, Those samples which were
oxidized at temperatures greater than 1540 K (~1270°C) were observed to have sagged into a bow
shape under their own weight (the samples were placed into a laboratory furnace in refractory
crucibles; the samples were supported in the crucibles only at their ends to insure that none of the
surface area would be obscured from oxygen). At temperatures in excess of 1560 K (~1285°C),
prominent rivulets were observed to have formed on the surfaces of the cylindrical samples, running
parale to the cylinder axis. Theserivulets became deeper asthe temperaturesincreased. The oxide
scalein those tests which developed rivulets became mechanically unstable and spalled off easily. It
was not possible to determine if the oxide spalling occurred at temperature or upon cooling due to
contraction. Regardless, the spalling behavior could not be tolerated in an application as a clad
material. Thesampleinthefinal testinthisseriesat 1614 K (1341°C) was essentially consumed into
atwisted mass of oxide with some evidence of liquefaction and void formation present in the debris.

It was concluded from these observations that the Inconel 718 samples exhibited unacceptable
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morphologica deformations at temperatures above 1538 K (1265°C). A conservative temperature
limit for the application of Inconel 718 as a clad in a high temperature oxidizing environment was
assigned at 1523 K (1250°C). Abovethistemperature, the clad isassumed to provide no protection

for the underlying surface from contact with the oxidizing/vaporizing atmosphere.

34  Low Temperature, Long Term (9-14 day tests) Oxidation Rate Series, 973 K-1223 K

In addition to the parabolic oxidation rate test series which were performed over the temperature
rangeof 1173 K to 1573 K and the ultra-high temperature oxidation series (1474 K to 1614 K) which
were executed to eval uate high temperature performance, athird series of testswas conducted at low
temperatures to evaluate the oxidation performance of Inconel 718 at temperatures below the
parabolic range previoudly investigated. In particular, the objectives of these tests were to examine
thelower limit of the parabolic oxidation rate range and possible departure from diffusion-controlled
oxidation and the onset of passivation. It was previously cautioned against extrapolation of Eq. (3c)
to temperatures above 1573 K out of concern that the oxidation rate could be significantly under
predicted; these tests at low temperatures address the consequences of extrapolation of Eqg. (3a) to
temperatures below 1173 K, herethe concern being over prediction of the calculated oxidation rates
and the depth of penetration of the oxide scale into the metal. In order to evauate the low
temperature performance of Inconel 718, four series of testswere performed at temperatures 973 K,
1073 K, 1173 K and 1223 K (700°C, 800°C, 900°C and 950°C, respectively). Each series of tests
at an assigned temperature consisted of from four to eight individual samples which were
simultaneoudly inserted into a pre heated laboratory furnace in air and removed in sequence at

prescribed time intervals for evaluation. The procedures that were followed were identical to those
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described in the “Parabolic Oxidation Rate . . . ” section of this paper with the exceptions that the
temperatures were lower as just described and the overall durations of the low temperature tests

ranged from nine to14 days.

The mass gain data for each of these low temperature test series are presented in Fig.4, which is
identical to Fig.1 for the parabolic oxidation rate tests. In Fig.1, it is shown that parabolic oxidation
behavior persists for up to 24 hours for temperatures as high as 1573 K and aslow as 1173 K. The
long time, low temperature datain Fig.4 indicate that although parabolic behavior persists for long
times (up to nine days) at 1223 K, areduction of the temperatureto 1173 K and below resultsin an
apparent departure from parabolic oxidation after as little as 24 hours. It seems that at these low
temperatures, Inconel 718 experiences aperiod of transient oxidation for approximately 24 hours of
oxidationin air, followed by parabolic oxidation at a greatly reduced rate. In other words, nearly all
the oxidation occurs during thefirst 24-hour transient of exposureto air at temperatures below 1223
K. This suggests that although parabolic oxidation growth islikely persisting for long times at low
temperatures, the rate is so small as to be immeasurable and the oxide scale ceases to penetrate the
metal. No further mass gains due to oxidation were measurable for up to 15 days as evidenced by
thedata. Sincethefirst sasmplefrom each of the four test serieswas removed from the furnace at 24
hours, no details of the low temperature oxidation behavior during the first 24-hour transient were
obtained. Itisclear from Fig. 4 that for the purpose of calculating the depth of oxide penetration,
the Inconel 718 became effectively passivated during the first 24 hours of exposure and that
continued oxidation of the samples was interrupted by the oxide scale which had formed during the

initial 24-hour interval.
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A methodology which could be adopted to calculate the oxidation of Inconel 718 at temperatures
below 1223 K isrecommended asfollows. The parabolic oxidation rate coefficient given by Eq. (3a)
is recommended with Eq. (1) for the temperature range of 1173 K to 1273 K for long times. Once
the temperature fallsto 1173 K, Eq. (3a) is recommended with Eq. (1) for only 24 hours; after this
24-hour period, the surface could be considered passivated and no further oxidation considered with
little error in the overall oxidation. This procedure would allow for extrapolation of EQ. (3a) to low
temperatures with the results of Fig.4 as guidance to determine the onset of passivation consistent
with experimental observations. Calculations of the depth of oxidation of Inconel 718 in this low

temperature range would be dight.

4. CONCLUSIONS

Several series of experiments were performed to investigate the oxidation resistance of Inconel 718
inair at elevated temperatures. Thefirst in these series of tests was intended to study the parabolic
oxidation rate behavior of Inconel 718inair inthe temperaturerange 1173 K to 1573 K. The second
series of testswasintended to investigate the oxidation rate of Inconel 718 at very high temperatures
in the range 1473 K to 1614 K to examine the departure from a parabolic oxidation rate and to
determine a conservative temperature threshold, above which the Inconel 718 would fail to provide
any structural function. Thethird series of testswas performed at |low temperaturesin the range 973
K to 1223 K to examine the lower limit of the parabolic oxidation rate range. The following
conclusions can be drawn from the results of these tests.

1. Inconel 718 exhibits steady parabolic diffusion-controlled oxidation rate dependencein air at

atmospheric pressure over awiderange of temperature, from 1223 K to1573 K, for long time

16



intervals up to several weeks.

2. At temperatures above 1573 K, oxidation becomes catastrophic and the material becomes
severely deformed. Inconel 718 beginsto deform under the load of its own weight at about
1540 K. At 1560 K, deep rivulets appear in the surface of the material.

3. At 1173 K and below, Inconel 718 experiences a period of transient oxidation for
approximately 24 hours of oxidation in air. After 24 hours, continued exposure to air at
temperatures below 1173 K resultsin no further measurable weight gain due to oxidation of
themetal. Thissuggeststhat, although parabolic oxidation growthislikely persistingfor long
times at low temperatures, the rate is so small as to be immeasurable and, for practical
purposes, the growth of the oxide scale into the metal stops.

4, It is concluded from these tests that Inconel 718 would perform satisfactorily asaclad for a

tungsten spallation target for temperatures up to 1523 K (1250°C) in air.

AUTHORS' END NOTE

Three citations were retrieved during the progress of this investigation which are cited in the
References'®’® but have not been discussed in the text. All three citations describe
chemical/metallurgical interactions between structural materials such as Inconel and aluminum with
other metalswhich may bein the system, such aslead, Zircaloy-4 and mercury. Thesethree citations
address additional mechanisms to the oxidation phenomena discussed above which should be

considered (if applicable) to insure that designs are not compromised.
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oxidation in air at temperatures between 1473 K and 1620 K.

24



973 K, 14 days
1073 K, 15 days
1173 K, 12 days
1223 K, 9 days

m"? (mg “/cm*)

A A
o o
! | ! | ! | ! | ! | ! | ! | ! |
0 50 100 150 200 250 300 350 400
t (hr)
Figure4. Square of the mass gain per unit areavs. timefor Inconel 718 oxidized in air between

973 K and 1223 K for nine to 15 days at atmospheric pressure (linear fit to the 1223
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Table1

Constituents of Inconel 7183

Constituent % of Mass
Ni 52.5
Cr 19.0
Fe 18.5
Nb 52
Mo 3.0
Ti 0.8
Al 0.6
S 0.2
Mn 0.2
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Table2

Data Sets for Parabolic Oxidation Rate Correlations for Incond 718 in Air

Temperature Mass Gain/Unit Area Oxidation Time
T (K) AmVA (mg/cm?) t ()
maximum minimum

0.128 0.047 3.6x10°
0.239 0.139 10.8
1173 0.312 0.209 18.0
0.509 0.302 28.8
0.653 0.373 57.6
0.687 0.487 86.4
0.401 3.6
1.378 10.8
1273 1.623 18.0
1.817 28.8
1.412 57.6
1.815 86.4
1.188 3.6
1.794 10.8
1373 1.324 18.0
1.885 28.8
2.166 57.6
2.862 86.4
1.482 3.6
1.899 10.8
2.432 18.0
1473 2.243 28.8
2.558 57.6
4134 86.4
5.124 129.6
7.852 10.8
6.133 18.0
10.228 43.2
1573 14.762 86.4
14.916 86.4
13.680 86.4
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Table3

Parabolic Oxidation Rate Coefficients K, for Oxidation of Inconel 718 in Air
Used to Construct the Oxidation Correlations in Figure 2

Temperature (K) K, (mg?/cm® s)
1173 6.29 x 10°® (maximum)
1173 2.67 x 10° (minimum)
1273 4.67 x 10°
1373 9.60 x 10°
1473 1.94 x 10*
1573 2.42 x 103
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Ultra-High Temperature 24-Hour Oxidation Rate Data !*

Table4

Temperature, T AmV/A Oxidation Time, t K, @
(K) (mg/cn?) (9 (mgcm® s)
1474 4778 79.5x 10° 2.87 x 10
1486 5.737 80.0 x 10° 4.11x 10*
1499 6.967 75.1x 10° 6.47 x 10°*
1514 7.737 82.5x 10° 7.26 x 10
1524 8.244 78.3x 10° 8.68 x 10*
1539 8.774 83.7 x 10° 9.20 x 10™
1546 9.849 83.7 x 10° 1.16 x 10°®
1557 10.734 79.5x 10° 1.45 x 10°®
1563 13.125 84.3x 10° 2.04x 10°
1570 23.242 83.2x 10° 6.49 x 10°
1576 34.467 82.5x 10° 1.44 x 107
1591 30.839 80.7 x 10° 1.18 x 10
1598 36.982 80.7 x 10° 1.69 x 10
1614 & 194.205 80.7 x 10° 4.67 x 10"

1. Duetotherapid oxidation rates at these ultra high temperatures, these tests were conducted with
single samples and tested in nominally 24-hour exposures.

2. The parabolic oxidation rate coefficients listed here are inferred from the following relationship,
K, = (Am/A)t.

3. Thisdatum has been omitted from Fig. 3 because the test samplewas essentially consumed during

the experiment and destroyed. It would be midleading to infer an oxidation rate from this datum.
This represents a temperature at which the Inconel 718 is rapidly destroyed.
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